Geometric complementarity is the most dominant term in protein-protein docking and therefore, a good geometric representation of the molecules, which takes into account the flexibility of surface residues, is desirable. We present a modified geometric representation of the molecular surface that down-weighs the contribution of specified parts of the surface to the complementarity score. We apply it to the mobile ends of the most flexible side chains: lysines, glutamines and arginines (trimming). The new representation systematically reduces the complementarity scores of the false-positive solutions, often more than the scores of the correct solutions, thereby improving significantly our ability to identify nearly correct solutions in rigid-body docking of unbound structures. The effect of trimming lysine residues is larger than trimming of glutamine or arginine residues. It appears to be independent of the conformations of the trimmed residues but depends on the relative abundance of such residues at the interface and on the non-interacting surface. Combining the modified geometric representation with electrostatic complementarity further improves the docking results.
Introduction
Prediction of the structures of protein-protein complexes is a multidimensional challenge. However, most protein-protein docking algorithms treat the molecules as rigid bodies, thus limiting the dimensionality of the docking problem to only three rotations and three translations. Geometric rigid body docking is often successful, even when the structures of unbound molecules are used (Strynadka et al., 1996a; Dixon, 1997; Eisenstein and Katchalski-Katzir, 1998; Heifetz et al., 2002 ). Yet it is consistently less satisfactory than bound docking, presumably owing to the structural differences between bound and unbound molecules. Many attempts have been made to introduce additional surface descriptors, such as electrostatics, which improve the results of geometric docking for many systems (Mandell et al., 2001; Heifetz et al., 2002) . At the same time, attempts have been made to relax the rigid body approximation in protein-protein docking by introducing hinge movement (Sandak et al., 1998) or by allowing multiple residue conformations (Lorber et al., 2002) . Within the rigid body approximation, the geometric descriptor dominates the docking results and, therefore, attempts were made to 'soften' the molecular surface. Our group introduced soft surfaces by thickening the surface layer (Eisenstein and Katchalski-Katzir, 1998) . Gabb et al. reported that truncating exposed side chains worsened the results for most systems (Gabb et al., 1997) . Similarly, Palma et al. allowed unrealistic penetration of flexible side chains in their first docking step and concluded that such softening did not improve the results (Palma et al., 2000) .
One intuitively expects that in docking of unbound structures, which differ from the corresponding bound structures, clashes occur at the interface, thereby reducing the ability of rigid body docking procedures to identify the correct solution. However, our previous study indicates that the success or failure of geometric docking does not correlate well with the degree of conformation change (Heifetz et al., 2002) . It is therefore of interest to study in detail the effect of local shape modifications on rigid-body docking. It appears that the flexibility of exposed side chains is not uniform. The large polar or charged residues, arginine, lysine, glutamate and glutamine are very flexible. In contrast, many of the smaller polar or charged residues, such as aspargine, aspartate and histidine, and the large aromatics, phenylalanine, tyrosine and tryptophan, are markedly inflexible (Zhao et al., 2001) . At the binding interface, the degree of flexibility follows the order lysine Ͼ arginine Ͼ methionine, glutamine Ͼ glutamate, isoleucine, leucine Ͼ aspargine, threonine, tyrosine, serine, histidine, aspartate Ͼ cysteine, tryptophane, phenylalanine. Thus, the lysine side chains flex 25 times more often than do phenylalanine side chains (Najmanovich et al., 2000) .
Based on the aforementioned studies, we chose to trim lysine, arginine and glutamine side chains by lowering their geometric weight, without additional softening of the molecular surface. Lysine, the most flexible residue at the binding interface, is also abundant on molecular surfaces (Zhao et al., 2001) . The effect of trimming lysine side chains is compared with the effect of trimming the less flexible glutamine side chains. Next, it is compared with the effect of trimming arginines, which are less flexible and less abundant on the surface. Notably, serine is the most flexible surface residue and it is abundant on the molecular surface (Zhao et al., 2001 ). We do not trim serines because their side chains are short and conformation changes barely affect the shape of the molecule.
Our procedure does not assume prior knowledge of the binding site. Therefore, we trim all the surface lysine, glutamine or arginine side chains. We expect that this shape modification will reduce the effect of clashes formed by interface residues whose conformations are not adequate for binding. We find an additional prominent effect: an overall lowering of the complementarity scores of false-positive solutions and a large reduction in their number, which leads to a significant improvement in the rank of the nearly correct solution.
Methods

Trimming flexible side chains
The geometric representation in the docking algorithm, which was previously presented by our group and named MolFit a The structure of the unbound molecule is not known. We chose a structure from another complex to represent a situation in which the conformation of the docked protein is not that of the bound molecules. b Several side chains on the surface of the molecule are not complete. These side chains were completed automatically, as described previously (Heifetz et al., 2002) . c The coordinates of the complex were kindly given to us by M.James (Strynadka et al., 1996b) . d The structure of the unbound molecule is not known, therefore the structure of the bound molecule was used.
( Katchalski-Katzir et al., 1992; Eisenstein et al., 1997) , was modified in the current study. Thus, the geometric weight of grid points derived from the most mobile atoms of the exposed side chains is lowered to reflect their mobility. As before, the atomic representation of the molecules to be docked is replaced by a three-dimensional (3D) grid representation. Grid points outside the molecule are given the value 0, points on the surface of the molecule are given the value g and those in the interior of the molecule are given either a negative value (-15) or a positive value (ϩ1), for molecules a and b, respectively. The value of g in the unmodified representation is 1. In the current study g remains 1 for most of the surface grid points; it is Ͻ1 for grid points situated within the volume of the trimmed atoms, as specified below. The interior of molecule a remains unchanged by this modification. As in our previous studies (Eisenstein and Katchalski-Katzir, 1998; Heifetz et al., 2002) , the surface of each molecule, which corresponds to a solvent-accessible surface, is thickened to allow some interpenetration. The modification in this study is designed so that there is only small additional 'softening' of the surface. Thus, the lower g allows penetration of the most mobile ends of the flexible side chains into the interior of the other molecule. At the same time we keep the shape of the interior of molecule a unchanged, strongly restricting this penetration.
The modified grid representations of the two molecules are correlated using discrete Fourier transformations as described before (Katchalski-Katzir et al., 1992) and the procedure is repeated for many relative orientations of the two molecules. The modified geometric representation is combined with electrostatics as described previously (Heifetz et al., 2002) . However, the electrostatic representation of the molecules, which is less sensitive to small conformation changes, is the same as for the untrimmed molecules.
In order to determine the value of g, we compared the results of geometric-electrostatic rotation/translation scans with three 180 values of g: 1 (unmodified geometric representation), 0.5 and 0. In all but one case (2ptn/4pti), the gradual change in g produces a gradual change in the complementarity score of the nearly correct solution (see Table I ). Thus, if g ϭ 0.5 improves the unmodified geometric-electrostatic results, g ϭ 0 further improves them. Therefore, in all the subsequent computations and analyses g ϭ 0 for the mobile ends of the trimmed residues.
Next, we checked where to trim the side chains. The positions of the Cβ atoms are determined by the main-chain conformation, which is only slightly changed on complex formation in the enzyme-inhibitor and antibody-antigen systems that we test. The Cγ atoms have a limited mobility because their positions are confined to a cone, the axis of which is determined by the positions of the Cα and Cβ atoms. The mobility increases as we move away from the Cγ atom and the number of variable dihedral angles increases. For several systems, we trimmed lysine side chains from either the Cδ or the Cε atom. The latter practice produces better results and it was therefore adopted in all the computations.
Only exposed side chains are trimmed. The solvent accessibility of each residue is calculated using the algorithm of Lee and Richards (Lee and Richards, 1971) as implemented in the MSI package (Accelrys, San Diego, CA). Residues with ഛ30% exposed surface area are classified as buried and are not trimmed. All the exposed lysine or arginine side chains are trimmed, including interface and non-interacting surface residues.
As the study progressed, it became of interest to check if trimming of lysine side chains that extend away from the surface like comb teeth ('protruding' side chains) affects the docking results differently to trimming of side chains that lie on the surface ('sticky' side chains). We define as 'sticky' the lysine side chains whose Cε atoms make at least one contact of Ͻ4 Å with other atoms in the molecule. All the other exposed lysine side chains are 'protruding'. Table I . c The mean score of the distribution of 8760 solutions obtained as described in the Methods section. e The number of lysine residues, which are deeply buried at the interface (more than 50% of the surface), is given in bold.
Rotation/translation scans and determination of the ranks of the nearly correct solutions
Throughout this study, we use the same set of disassembled and unbound structures as in a previous study (Heifetz et al., 2002) , allowing a detailed comparison of the results. The coordinates were taken from the Protein Data Bank (PDB) (Berman et al., 2000) and treated as before. All the water molecules in the experimental structures were omitted; missing side chains were modeled and for antibody molecules the grid points on the surface of the Fc domain were given a value of -15, preventing docking of the ligand to this domain. Geometric and geometric-electrostatic rotation/translation scans were performed using a grid interval of 1.0-1.2 Å and a rotation interval of 12°. These parameters have been found adequate for unbound docking before (Katchalski-Katzir et al., 1992; Heifetz et al. 2002) . They were not re-evaluated in this study, because the shape modification suggested here is subtle and not likely to affect them. Only one solution was saved for each orientation, resulting in 8760 putative binary complexes sorted by their complementarity scores. All the solutions were compared with the experimental structure of the complex by calculating the root mean square differences (r.m.s.d.s) between the positions of the common Cα atoms. The rank of the nearly correct solution was its position in the sorted list of solutions determined according to the same limits as in our previous study (Heifetz et al., 2002) . Hence, we searched for the highest scoring solution with an r.m.s.d. smaller than 3 Å. As before, when the score of the nearly correct solution is identical with that of other solutions, its rank is given as a range of numbers representing the ranks of all these solutions.
The 8760 solutions from each scan were statistically analyzed. An extreme-value distribution function (Levitt and Gerstein, 1998 ) was fitted to the observed distribution of scores, providing estimates for the mean score, µ, and the standard deviation, σ. These values were used to calculate a uniqueness value Z i ϭ (S i -µ)/σ for each docking solution, i, whose score was S i .
Results and discussion
The aim of this study was to test the effect of local shape modifications, which eventuate from changes in side-chain conformation, on rigid body docking. Intuitively, one expects that trimming the side chains of an interface residue will reduce the geometric complementarity score when the conformation of that side chain is adequate for complex formation, because some contacts are lost. This effect is likely to be partially compensated for by the electrostatic complementarity, which is not changed. However, in many cases, the conformations of the more flexible side chains are different in the bound and unbound structures and trimming should improve the geometric complementarity by eliminating clashes. Trimming of side chains on the non-interacting surface is expected to have a sporadic effect on the scores of the false solutions.
Trimming lysine side chains
Trimming of the exposed lysine side chains significantly improves the rank of the nearly correct solution for 10 of the 16 systems in Tables I and II and in some cases the improvement is dramatic. For example: the rank of the nearly correct solution for the thrombin/BPTI (4htc/4pti) system is elevated from 508-531 to 5; for the acetylcholinesterase/fasciculin-II (2ace/ 1fcs) system it is elevated from 689-705 to 156-163 and for the Jel42/HPR (2jel/1poh) system the rank is improved from 286-292 to 40-42. No change or a minor deterioration of the rank of the nearly correct solution is observed for four systems but for two other systems (1ept/1ldt, 1ept/1avu) a severe negative effect due to lysine side chain trimming is observed.
The intuitively expected results are observed only for the thrombin/trypsin-inhibitor system (4htc/4pti). The complementarity score of the nearly correct solution increases from 434 to 589 when lysine side chains are trimmed (see Table  II ), leading to an exceptional improvement of its rank from 508-531 to 5. Superposition of the unbound structures of thrombin and trypsin inhibitor on the corresponding molecules in the complex (1bth) reveals that lysine 46 in the unbound inhibitor has a different conformation to that in the bound inhibitor, leading to a severe clash with tryptophan 60D in unbound thrombin. Moreover, differences in the backbone conformation of thrombin near lysine 60 result in a clash of this side chain with isoleucine 18 of the inhibitor. Both clashes are relieved when lysine side chains are trimmed, allowing a snugger fit of the molecular surfaces and a more accurate prediction.
Surprisingly, 4htc/4pti is the only system in which the score of the nearly correct solution increases when lysine side chains are trimmed. In the other 15 systems the scores are either unchanged (in five cases in which there are no lysine residues at the interface) or lower. Comparison of the bound and unbound conformations of all the interface lysines, reveals large differences in the χ1 and χ2 torsion angles in six cases: 1ept/1avu, 4htc/4pti, 5cha/1ovo, 3hfm/1hel, Tem1/BLIP and 2ptn/4pti. However, in only three of these cases (4htc/4pti, 3hfm/1hel and 2ptn/4pti) are there clashes involving the interface lysine side chains. One system, 4htc/4pti, is discussed above. In 3hfm/1hel, lysine 97 of unbound lysozyme clashes with tryptophan H98 of the antibody and in 2ptn/4pti lysine 15 of the inhibitor clashes with cysteine 220 of the enzyme. These clashes are less severe than those observed for 4htc/ 4pti. Thus, the shortest distances are 1.5 and 2.2 Å in 3hfm/ 1hel and 2ptn/4pti, respectively, compared with 0.6 Å in 4htc/ 4pti. The effect of lysine side chain trimming for these three systems is inconsistent. In one case, 4htc/4pti, the score and rank of the nearly correct solution improve; in a second case, 2ptn/4pti, the score is lower but the rank improves, and in the third case, 3hfm/1hel, both deteriorate. It appears that although clashes occur, resulting from the different conformations of the lysine side chains, their effect on the docking results is dominant in only one case.
In three additional systems, in which the χ1 and χ2 torsion angles of interface lysines change on complex formation (1ept/1avu, 5cha/1ovo and Tem1/BLIP), the changes are well accommodated. Hence the lysine residues form good contacts in the nearly correct solution and are not involved in clashes. For example, inspection of the structure of 1cho reveals that lysine 55 of the ligand, whose χ1 angle changes from -76°in the bound structure to 63°in the unbound structure (1ovo), forms good contacts with the enzyme ( Figure 1A) . The situation is similar in the systems 1ept/1avu and Tem1/BLIP, where the interacting lysines are deeply buried at the interface, losing more than 50% of the accessible surface area upon complex formation. Trimming, in these three cases, causes loss of contacts and a reduction in the geometric complementarity score of the nearly correct solution. However, in 5cha/1ovo the rank of the nearly correct solution improves, in Tem1/ BLIP it is almost unaffected, and in 1ept/1avu the rank strongly deteriorates. In the last system the complementarity at the interface in unbound docking is scarce and the few contacts formed by lysine 60 of the enzyme are important.
In four systems (1bni/1bta, 2ptn/1pi2, 1ept/1ldt and 2jel/ 1poh), only moderate conformation differences between the bound and unbound structures are observed for interface lysine residues, involving the χ3 and χ4 angles and in 1vfa/1hel the side chain conformation does not change. In these systems, the interacting lysines often form good contacts in the nearly correct unbound docking solution, which are partially correct. Trimming leads to a loss of contacts and a lowering of the complementarity score of the nearly correct solution. The most severe effect is observed for 1ept/1ldt. In this system one of the molecules, 1ldt, is very small and the lysine side chain dominates the intermolecular interactions.
The analyses above indicate that the effect of lysine side chain trimming on the score of the nearly correct solution is inconsistent. In many cases, the unbound conformation is easily accommodated and some contacts are formed. This is more pronounced when the conformation of the interacting lysine residue does not change much, but is not confined to such cases. It appears that the notion of tight geometric complementarity between the interacting molecules needs revision. The occurrence of water molecules at the interface in almost every system suggests that the geometric fit is only approximate (unless water is considered a part of the system) and often conformation differences do not lead to clashes.
Effect of lysine side chain trimming on the false-positive solutions
Despite the inconsistent effect of conformation changes described above, we observe a consistent general trend in the results in Tables I and II . Thus, the complementarity scores of the nearly correct solutions are unchanged or lower when lysine trimming is in effect (except in 1bth), but their ranks improve in most cases. The improved ranking must originate from the elimination of false-positive solutions. This is most evident for the five systems in which there are no lysine residues at the interface and the complementarity scores of the nearly correct solutions are not influenced by lysine side chain trimming. However, the ranks of these solutions improve significantly, indicating that the number of the false-positive solutions is lowered. In addition, our statistical analyses show a systematic decrease of the mean scores in rotation/translation scans with trimmed lysine side chains for all 16 systems, by 5-11% (16-37 score units; see Table II) .
To clarify further the effect described above, we calculated for each system the average difference between scores obtained with and without lysine trimming, for the set of false-positive solutions in the unmodified geometric scan. These averages are negative for all 16 systems tested and their absolute values are larger than the corresponding difference for the nearly correct solution in systems for which the rank of the nearly correct solution elevates when lysines are trimmed (with the exception of 4htc/4pti). Interestingly, the average reduction in the scores of the false-positive solutions is weakly correlated to the number of trimmed lysine side chains (Figure 2) .
The effect of lysine trimming on the false-positive solutions was unexpected. Therefore, we repeated the computations for the 16 corresponding disassembled systems, where the conformations of the individual molecules are 'prepared for binding' and there are no clashes at the interface. We expected lower scores and ranks for the correct solutions because of the loss of some contacts. Indeed, the complementary scores of the nearly correct solutions are unchanged or lower in the lysine-trimmed scans (see Table III ). Nevertheless, the ranks deteriorate in only two cases (2ptc and 1smf), in which interactions involving lysine residues are dominant. The ranks improve in six cases and in three additional cases, for which the rank of the nearly correct solution is 1 in the unmodified geometric scan, the Z values improve (1avw, 3hfl and 2jel; data not shown). As in unbound docking, the mean scores in scans with trimmed lysine side chains are systematically lower, by 12-37 score units, than in the unmodified geometric scans, indicating that the scores of the false solutions are systematically lowered by the trimming.
Based on our results we conclude that lysine side chains are often involved in the formation of false-positive solutions, in which they make a large contribution to the interface. Figure  1B presents such a false-positive solution for the 1fss system, in which two lysines from the enzyme form high scoring contacts with the ligand molecule and the solution is ranked 1 despite the scarce overall surface complementarity. We further pursued the effect of lysine side chains trimming by trimming either 'protruding' or 'sticky' side chains, as defined in the Methods section. The test was performed for three systems, 2ptn/4pti, 2ptn/1pi2 and 2jel/1poh, for which trimming all the surface lysines had a different effect on the rank of the nearly correct solution (it improved in two cases and deteriorates for 2ptn/1pi2). According to Table IV, the changes in the ranks are approximately proportional to the number of trimmed lysine side chains, in all three systems, and they do not depend on the conformations.
The electrostatic representation is derived from the electrostatic potential of the untrimmed molecules and is not changed. Indeed, geometric-electrostatic docking with trimmed lysine side chains produces essentially the same results as described above for geometric docking (see Table I ). Notably, the electrostatic term strongly moderates the deterioration in the ranks of the nearly correct solutions in the two cases in which trimming of lysine side chains has a strong negative effect (1ept/1ldt and 1ept/1avu). Similar moderation is also observed in docking of disassembled structures (for example, see system 2ptc in Table III) .
Trimming glutamine or arginine side chains
The effect of lysine trimming on the false-positive solutions can be attributed to the length and mobility of their side chains or to their abundance on the non-interacting surface or to both. Therefore, we also trimmed glutamine side chains, which are often as abundant as lysines or arginine side chains, which are long but less flexible and less abundant than lysines.
Glutamine side chains were trimmed in two systems (1thm/ 2sec and 1scd/1tec), in which there are no lysine neither glutamine residues at the interface and the number of such residues on the non-interacting surface is very close (ten lysines and nine glutamines in 1thm/2sec; six lysines and seven glutamines in 1scd/1tec). Trimming of glutamines improved the ranks of the nearly correct solutions for both systems, from 180-186 to 80-85 for 1thm/2sec and from 918-949 to 707-730 for 1scd/1tec. This result stems from a systematic reduction in the scores of the false-positive solutions, because the a The number of arginine residues, which are deeply buried at the interface (more than 50% of the surface), is given in bold.
trimming of glutamine side chains on the non-interacting surface can only affect false solutions. Indeed, the mean scores are lower when glutamine trimming is in effect than in unmodified geometric scans by 21 and 10 score units, for 1thm/2sec and 1scd/1tec, respectively. Trimming glutamine side chains has a smaller effect on the ranks of the nearly correct solutions than the trimming of lysines, although their numbers are very similar. Thus, the longer side chains of lysines are more frequently involved in formation of false-positive solutions than the side chains of glutamines. Trimming of lysine and glutamine side chains has a cumulative effect on the ranks of the nearly correct solutions, which change from 180-186 to 36-40 for 1thm/2sec and from 918-949 to 358-376 for 1scd/1tec and on the mean scores, which are lower than in unmodified geometric docking by 38 and 27 score units for 1thm/2sec and 1scd/1tec, respectively.
Unlike for lysines and glutamines, the trimming of arginine side chains spoils the rank of the nearly correct solution for seven of the nine systems tested (see Table V ). To understand this difference we compare the number of interface and noninteracting surface lysine and arginine residues (see Tables II  and V) . Arginines are more abundant than lysines at the interface, in the set of systems considered in this study. Moreover, in most cases the arginine residues are buried at the interface, losing more than 50% of their exposed surface area upon complex formation. In contrast, the number of arginine residues on the non-interacting surface is often smaller than the number of lysine or glutamine residues. These different distributions correspond to the different effects of lysine or 184 arginine side chain trimming in docking. The larger number of arginines at the interface leads to a considerable loss of contacts when they are trimmed and to a decrease in the scores of the nearly correct solutions. At the same time, the smaller number of arginine residues on the non-interacting surface affects less the scores of the false solutions.
Conclusions
The trimming of mobile side chains often improves the ranking of the nearly correct solution in rigid-body docking. However, the 'mechanism' of this improvement is rather unexpected. It appears that even when large differences in side chain conformations between bound and unbound molecules occur, good contacts are formed in the nearly correct solution. These contacts are often only partially correct; nevertheless, they add to the complementarity score and, therefore, trimming generally lowers the scores of the nearly correct solutions. However, trimming also lowers the scores of the false-positive solutions and this effect turns out to be more consistent and more dominant than the effect on the nearly correct solutions.
It is interesting to compare our modification of the surface with the modification presented by Palma et al. (Palma et al., 2000) , where the core of the flexible side chains is modified, allowing more interpenetration and producing inferior docking results. Our modification of the surface restricts the interpenetration but at the same time does not reward contacts formed by the flexible residues. Therefore, it leads to a significant reduction in the scores of the false-positive solutions and improves the ranks for the nearly correct ones. Interestingly, the effectiveness of our side chains trimming does not depend on the conformation of the trimmed side chains, as observed for 'protruding' and 'sticky' lysines. It does, however, depend on the length of the side chains (lysines versus glutamines), on their abundance on the surface and on the relative number of these residues at the interface and on the non-interacting surface. Trimming is therefore likely to be beneficial when there are many mobile side chains on the surface and it is most advantageous when there are no mobile side chains at the interface. Hence, when the approximate position of the interaction site is known, only side chains on the noninteracting surface should be trimmed. Trimming is less recommended when there are only a few mobile side chains on the surface, in particular when one of the molecules is very small, because in such a case the interacting surface is small and it may strongly depend on the interactions of one lysine. Geometric-electrostatic docking with trimmed side chains is particularly useful because the electrostatic term moderates the negative effects of trimming.
